ABSTRACT: A hollow-core photonic bandgap fiber polarization controller was made by applying lateral pressures to three segments along the fiber. The applied lateral pressures result in variable birefringence along the fiber, which modifies the state of the polarization. This approach may be applicable to a hollow-core photonic bandgap fiber with little or no inherent birefringence.
INTRODUCTION
In-fiber polarization controllers (PCs) are important components in the fiber optic sensors and communication systems [1] [2] [3] [4] . Compared with its bulk counterpart, an in-fiber PC has the advantages of easier alignment, smaller insertion loss, and full compatibility with fiber optic systems. In 2006, a hollow-core photonic bandgap fiber (HC-PBF) PC was reported by Terrel et al. The PC was made by twisting three sections of a HC-PBF; each has a length equal to the beat length of the fiber [5] . This PC makes use of the inherent birefringence of the HC-PBF, which is a residual effect due to manufacture imperfection. The inherent birefringence of the fiber causes wavelength dependent phase delay between the two orthogonal polarizations, which narrows down the bandwidth of the PC. For a HC PBF with little or no inherent birefringence, the beat length of the HC-PBF would become too long to build compact devices.
In this paper, we demonstrate a PC by applying lateral pressures to three segments of an HC-PBF. Each pressurized segment behaves like a phase retarder, and three such segments with directions differing by 45º from each other allow the construction of a universal PC.
MODEL OF HC-PBF WHEN SUBJECTED TO LATERAL PRESSURE
An elastic model of HC-PBF is shown in Fig.1 . The HC-PBF is modeled as a structure with four circular regions: region 1 is the air core with radius of a; region 2 is the honeycomb inner-cladding with thickness of b-a; region 3 is the silica outer-cladding with thickness of c-b; and finally they are coated with the polymer jacket (region 4) to the radius of d. Lateral pressure applied to the HC-PBF results in deformations of the air core and the air-silica cladding, both of which induce a pressure-induced birefringence for the HC-PBF. The stress expressions of the air-silica inner-cladding (i=2), the silica outer-cladding (i=3), and the polymer jacket (i=4) when subjected to lateral pressure (P), may be expressed as Eq. (1) 
where σ and τ are the elements of the stress tensor, A, C, D, F, and G are the constants. The materials of silica outer-cladding and jacket regions are homogeneous. The microstructured inner-cladding is an exception in that it behaves mechanically like a honeycomb material [7] . Its Young's modulus and Poisson's ratio are functions of its air-filling ratio η. For a hexagonal pattern of air holes in silica, they are given by [7] :
where E 0 is the Young's modulus, and υ 0 is the Poisson's ratio of silica. Using the Hooke's law, the strain expressions of different regions can be obtained. The constants in Eq. (1) are determined by the boundary conditions and the stress and displacement continuities across the boundaries between regions. By using the above model and equations, the stress, strain and displacement distributions in each of the regions are obtained. The detailed deformations of the fiber's air core and each of the cells in the fiber's air-silica cladding can then be obtained by following a procedure reported in [8] . The deformed profile is then imported into the finite element analysis solver to compute the field distribution, and the pressure-induced birefringence of the HC-PBF.
SIMULATION RESULTS
Using the elastic model in Section 2, the induced deformations of the Crystal Fiber's HC-1550-02 fiber, when it is subjected to different levels of lateral pressure, were calculated. The design parameters of HC-1550-02 fiber are listed in Table 1 . Fig. 2(1) shows the deformed near-core region of the HC-PBF when it is subjected to a lateral pressure of 10 8 Pa. The red pattern shows the deformed profile, while the black pattern shows the original profile of the HC-15550-02 fiber. The induced birefringence as function of the applied lateral pressure was calculated and plotted in Fig. 2(2) . The operating wavelength was assumed to be 1550nm, and the thickness of the silica outer-cladding was varied from 10 to 25 μm. As shown in Fig. 2(2) , the sensitivity of birefringence to lateral pressure increases as the thickness of the silica cladding (c-b) decreases. This is because that, for the same applied lateral pressure, the HC-PBF with thinner silica outer-cladding deforms more both in its core and in the cells of air-silica inner-cladding, which induces larger birefringence to the HC-PBF.
EXPERIMENTAL DEMONSTRATION OF A HC-PBF PC
A HC-PBF PC was constructed and tested experimentally. Fig. 3 shows the experimental setup of the PC. Lateral pressures were applied to three segments of the HC-1550-02 fiber, with directions differing by 45º one from the other. For each segment, a section of HC-PBF, with a length of ~20 mm, was fixed between two pressure plates, and a pressure controller was used to control the amplitude of the applied pressure. Light from a distributed feedback laser emitting at the wavelength of 1550 nm was launched in to a polarizer. The output from the polarizer was coupled into the HC-PBF PC and the output end of the PC was spliced to a section of conventional SMF-28 fiber, which was then connected to a polarization analyzer to trace the state of polarization (SOP) of the output light on the Poincare sphere. The evolution of the SOP throughout the PC was discussed in Ref. [2] . The performance of HC-PBF PC was tested experimentally. The effect of varying the lateral pressure applied to only one segment of the PC was measured first. The applied pressure in Segment 1 as indicated in Fig. 3 was increased gradually, while the applied pressures to the other two segments kept same. The output SOPs of the PC were recorded and shown in Fig. 4(1) . The HC-PBF PC was then tested by varying randomly the values of the applied pressures to all the three segments, when the input light was kept at a fixed linearly polarized state. The output SOPs were recorded and plotted in Fig. 4(2) , illustrating a good coverage of all the possible polarization states on the Poincare sphere. Similar results were obtained for different polarization states of the input light. Fig. 4 Test results of the HC-PBF PC when (1) the pressure applied to the 1 st segment was varied gradually and (2) the pressures applied to all the three segments were varying randomly.
CONCLUSION
We have demonstrated a hollow-core photonic bandgap fiber polarization controller by pressurizing three segments of the fiber. This polarization controller was tested experimentally, and the polarization states of its output show a good coverage of all the possible states of polarization on the surface of the Poincare sphere, indicating a universal control of the polarization state may be obtained. This scheme may be applicable to hollow-core photonic bandgap fibers with little or no inherent birefringence.
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